The cytotoxic effects of bleomycin on HeLa cells in culture were enhanced by incubation of the cells with benzamide, a potent inhibitor of poly(ADP-ribose) polymerase, at concentrations at which benzamide alone did not show any cytotoxicity.
Poly(ADP-ribose) polymerase is localized in the nucleus and catalyzes the formation of poly(ADPribose) from NAD.1-0) The following recent evidence suggests that poly(ADP-ribose) is important in DNA repair. Exposure of the cells to DNA damaging agents resulted in increase in poly(ADP-ribose) polymerase activity.7-10) Inhibitors of poly(ADP-ribose) polymerase prevented the rejoining of DNA strand breaks") and increased the lethal effects of DNA damaging agents on culture cells."-15) It was also suggested that poly(ADP-ribose) activated DNA ligase.11)
Bleomycin, an antibiotic produced by Streptomyces, has a potent antitumor activity and is widely used clinically. The antibiotic is known to induce strand breaks of DNA.",")
We recently found that ni-aminobenzamide and benzamide, inhibitors of poly(ADP-ribose) polymerase, potentiated the antitumor activity of bleomycin in Ehrlich ascites tumor cells, as judged by the ratio of the total packed cell volume of treated groups to that of control group.") The present experiments were designed to evaluate the effects of benzamide on the cytotoxic effects of bleomycin on HeLa cells in vitro. Based on these in vitro results, we also studied the in vivo effect of benzamide on survival of bleomycin-treated mice bearing Ehrlich ascites tumors.
Materials and Methods

Chemicals
Benzamide was purchased from Tokyo Kasei Chemical Co., Tokyo, Japan. Bleomycin hydrochloride was obtained from Nippon Kayaku Co., Tokyo, Japan.
In Vitro Effects HeLa cells were maintained in a-medium supplemented with 10% calf serum under a humidified atmosphere of 5 % CO. in air at 37°C. The cells were seeded at 200 cells per 60-mm dishes. Then 40 to 48 hours later the medium was replaced by fresh medium containing various concentrations of bleomycin and benzamide. After incubation of the cells for 2.5 hours with bleomycin and benzamide, the medium was replaced by fresh medium containing various concentrations of benzamide and incubation was continued for 7 to 8 days. The colonies formed were stained with Giemsa stain and the plating efficiency was determined. Survival of cells treated with a test compound was expressed as the plating efficiency as a percentage of that of control cells.
In Vivo Effects
Male CDFI mice weighing 20 to 25 g and male ICR mice weighing 30 to 35 g were purchased from Charles River Japan Inc., Atsugi, Kanagawa. They were maintained on basal diet (CE-2; CLEA Japan Inc., Tokyo). Ehrlich ascites tumor cells were maintained in ICR mice by intraperitoneal inoculation. For studies on the chemotherapeutic effects of drugs, Ehrlich ascites tumor cells were obtained from mice 7 days after inoculation. The cells were diluted to 5 x 106 cells/ml with sterile phosphate buffered saline (PBS) (135 m i NaCI, 2.7 m vt KCI, 5.3 mm Na2HPO4 and 1.45 mm KH,PO,) and 0.2 ml of cell suspension containing 1 x 108 cells was injected intraperitoneally (i.p.) unless otherwise specified. Drugs were administered daily for 10 days starting 24 hours after inoculation of the cells. Bleomycin was dissolved in sterile PBS with or without benzamide, and was administered to mice in a total volume of 0.35 ml per mouse in the morning between 10: 00 a.m. and 12: 00 noon (1st injection). A second injection of benzamide was given 3 to 4 hours after the 1st injection. All mice were weighed every other day until the end of the experiment. Control mice received PBS i.p. at the times when test animals were treated with drugs. The mean survival time was calculated from the day of tumor inoculation. The percentage increase in life span (ILS) was calculated as follows:
ILS mean survival time of treated group = x 100 -100 mean survival time of control group
Results
In Vitro Effects of Bleomycin and Benzamide on Survival of HeLa Cells
Benzamide alone did not have any cytotoxic effect on HeLa cells at concentrations of up to 600 ,ug/ ml (Fig. 1) . However, it significantly enhanced the cytotoxic effects of bleomycin. When HeLa cells were exposed to bleomycin in the presence of benzamide and then incubated continuously in the presence of various concentrations of benzamide, a dosedependent increase in cytotoxicity of benzamide was observed: Treatment of the cells with 10,ag/ ml of bleomycin plus 600 tug/ml of benzamide had the same cytotoxic effect as 50,ug/ml of bleomycin alone. benzamide at 137 mg/kg given on Days 1 to 11 after tumor inoculation had no effect on survival of the mice (Table 1) .
When given to tumor-bearing mice from Day 1 to 11, bleomycin alone had a therapeutic effect.
With daily doses of 1.7 mg/kg, 2.3 mg/kg, 4.7 mg/kg and 5.1 mg/kg of bleomycin, the ILS values were 28 %, 47 %, 158 % and 80 %, respectively. Bleomycin also caused significant delay in tumor growth, manifested as delay in body weight gain (data not shown). However, on treatment with bleomycin alone, no mice survived longer than 60 days after inoculation of tumor cells.
The effects of combinations of various doses of bleomycin and benzamide given i.p. on Days I to I1 after tumor implantation were studied in 3 separate experiments. In all experiments, treatment of mice with bleomycin plus benzamide resulted in increase in the mean survival time. On treatment with bleomycin at 4.7 mg/kg plus benzamide at 137 mg/kg, the ILS value was 264%, whereas with the same dose of bleomycin alone the ILS value was 158 %. After combination therapy, 3 of 6 mice survived for longer than 60 days, whereas on treatment with bleomycin alone no mice survived for 60 days (Table 1, experiment A ; Fig. 2 ).
In an attempt to keep the level of benzamide in the body high, we injected bleomycin at 5.1 mg/kg a In experiments A and B, bleomycin was given i.p. at 4.7 mg/kg and 5.1 mg/kg, respectively. In experiment C, bleomycin was given at 2.3 mg/kg to groups 2, 3 and 4, and at 1.7 mg/kg to groups 5 and 6. Benzamide at 137 mg/kg was administered once or twice daily in experiments A to C. The arrow indicates a second injection of benzamide 3 to 4 hours after the first injection. b S60; number of mice surviving more than 60 days after tumor inoculation . plus benzamide at 137 mg/kg first, and 3 to 4 hours later injected benzamide again at 137 mg/kg (Table 1 , experiment B). With bleomycin alone, the ILS value was 80% and with bleomycin plus two injections of benzamide, the ILS became 132%, but benzamide alone had no effect on the survival of mice. On treatment with 2.3 mg/kg of bleomycin, the ILS of tumor-bearing mice was 47 %, whereas with 1.7 mg/kg of bleomycin the ILS was only 28 % (Table 1 , experiment C). With bleomycin at 2.3 mg/kg and benzamide at 137 mg/kg, the ILS was 75 %, while with bleomycin at the same doses plus benzamide, followed by a second injection of benzamide, the ILS value was 99%. With doses of bleomycin as low as 1.7 mg/ kg, benzamide had little effect on the mean survival time of mice.
Discussion
The present studies show that the cytotoxic effect of bleomycin on HeLa cells in culture was enhanced by benzamide, a potent inhibitor of poly(ADP-ribose) polymerase.20,21) Similar enhancing effects of inhibitors of poly(ADP-ribose) polymerase on the cytotoxic action of bleomycin on L1210 cells in vitro have recently been reported.")
We have also shown that benzamide potentiated the therapeutic effect of bleomycin on Ehrlich ascites tumor cells in vivo. In all experiments with concentrations of bleomycin of 1.7 mg/kg to 5.1 mg/kg, combination treatment with benzamide increased the mean survival time of mice over those of mice treated with bleomycin alone. Benzamide alone did not have any therapeutic effect against Ehrlich ascites tumor cells. With lower doses of bleomycin, the increase in survival time with combination therapy became less significant. From these results, it seems likely that benzamide exerted its cytotoxic effects on cells that had been damaged by bleomycin. It should be noted that only mice treated with bleomycin plus benzamide survived longer than 60 days after tumor inoculation.
The additional administration of benzamide 3 to 4 hours after injection of bleomycin plus benzamide resulted in increased survival of mice comparing with those given a single daily injection of bleomycin plus benzamide. This finding implies that benzamide will be more effective against Ehrlich ascites tumor cells when it is continuously infused after injection of bleomycin.
The following findings have suggested that poly(ADP-ribose) is involved in the process of DNA repair. Exposure of cells to DNA damaging agents lead to increased poly(ADP-ribose) polymerase activity with concomitant increase in the intracellular level of poly(ADP-ribose).'-l0, 20, 21) The intracellular level of NAD, which is used to make poly(ADP-ribose), was markedly reduced by treatments of cells that cause DNA damage."-20,21 ,23-26) Exposure of cells to alkylating agents followed by the culture with an inhibitor of poly(ADP-ribose) polymerase resulted in inhibition of rejoining of DNA strand breaks.") Thus, the enhancing effect of benzamide on the cytotoxic action of bleomycin in vitro and in vivo is probably caused by inhibition of rejoining of DNA strand breaks caused by bleomycin. 
